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Abstract

Esterases form a diverse class of enzymes of largely unknown physiological role. Because many drugs and
pesticides carry ester functions, the hydrolysis of such compounds forms at least one potential biological
function. Carboxylesterases catalyze the hydrolysis of short chain aliphatic and aromatic carboxylic ester
compounds. Esterasess;alanylp-alanine-peptidases (DD-peptidases) g@ithctamases can be grouped

into two distinct classes of hydrolases with different folds and topologically unrelated catalytic residues, the
one class comprising of esterases, the other or@lattamases and DD-peptidases. The chemical reac-
tivities of esters an@-lactams towards hydrolysis are quite similar, which raises the question of which
factors prevent esterases from displaypitactamase activity and vice versa. Here we describe the crystal
structure of EstB, an esterase isolated fidarkholderia gladioli.lt shows the protein to belong to a novel

class of esterases with homology to Penicillin binding proteins, notably DD-peptidase and ¢dss-C
tamases. Site-directed mutagenesis and the crystal structure of the complex with diisopropyl-fluorophos-
phate suggest Ser75 within thp-factamase” Ser-x-x-Lys motif to act as catalytic nucleophile. Despite its
structural homology td-lactamases, EstB shows iflelactamase activity. Although the nature and ar-
rangement of active-site residues is very similar between EstB and homol@gagtamases, there are
considerable differences in the shape of the active site tunnel. Modeling studies suggest steric factors to
account for the enzyme’s selectivity for ester hydrolysis vefsilesctam cleavage.
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Esterases are widely distributed in animals, plants, and miyears, esterases and lipases have attracted interest from the
cro-organisms (Okuda 1991). With the notable exception okide of organic chemistry and biotechnology, where they are
lipases, the physiological role of most members of this largeexploited to catalyze stereo- and enantioselective chemical
class of hydrolytic enzymes is still unknown. In recentreactions thanks to their broad substrate specifity and high
stereoselectivity (Toone et al. 1990; Faber 1997; Schulze
and Wubbolts 1999; Faber 2000). Lipases already now ac-
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ine-Oy (Wharton 1998) to act as nucleophile in this class oftam-cleaving activity. To identify the active-site nucleo-
hydrolases. phile, and to probe possible conformational changes during

EstB is an esterase whose gene was identified by screenatalysis, we also determined the structure of the reaction
ing a genomic library oBurkholderia gladioli(previously — product between EstB and diisopropyl-fluorophosphate
Pseudomonas margingtan tributyrin plates (Stubenrauch (DFP). The complex can be considered as an analog of the
1991). It was cloned and expressedBEncoli. The water- tetrahedral intermediate formed as a result of the nucleo-
soluble enzyme (392 amino acid residues, MMWA0,000 philic attack by the enzyme on the substrate’s carbonyl
Daltons) shows very specific activity on short-chain (C4—group (Lobkovsky et al. 1994).

C6) fatty acid esters and triglycerides (Petersen 1995; Pe-

tersen et al. 2001). Notably, it is able to hydrolize esters OfResuIts and Discussion

tertiary alcohols, such as linalyl acetate (Schlacher et al.

1998). Its biological function is as yet unknown, but may be
related to the enzyme’s high activity for the esterolysis of
7-aminocephalosporinic acid (Petersen et al. 2001). The priFhe structure was solved by multiple isomorphous replace-
mary structure exhibits homology to esterases from familyment using seven derivatives (Table 1), and refined against
VIII (Arpigny and Jaeger 1999) and modest homologies todiffraction data extending to 2.0 A resolution. A final map
B-lactamases, DD-peptidases, and penicillin-binding pro{Fig. 1) shows well-defined density throughout most of the
teins. Both the serine hydrolase motif Gly-x-Ser-x-Gly andstructure, with the exception of the 14 N-terminal and the
the motif Ser-x-x-Lys, characteristic f@-lactamases, are last C-terminal residues, which could not be observed in
present in its sequence (Petersen 1995; Petersen et al. 2004ither of the two crystallographically unrelated molecules,
However, althoughs-lactamases of classes A and C alsoand of aB-sheet covering the active site (residues 251 to
contain a conserved triad of Lys-Ser/Thr-Gly (KTG-box) 254), where diffuse density indicates disorder. The final
between the Ser-x-x-Lys motif and the C-terminus, no suchmodel also includes 357 water and 4 isopropanol molecules.
signature exists in the sequence of EstB. The side chains of several residues (Cys217 in both mono-

Site-directed mutagenesis yielded only modest reductiomers and Asp 97 in monomer A) had to be refined in two
of the activity upon replacement of the serine within thealternate conformations. The stereochemical parameters of
G-x-S-x-G motif by alanine, but complete loss of activity asthe model are satisfactory (Table 2); a Ramachandran plot
a result of the corresponding exchange within the Ser-x-xshows no residues in “disallowed” regions &fs space,

Lys motif (Petersen et al. 2001). Thus, the catalytic residuavith Ala74 and Asp294 (in both molecules) being the only
appears to be located within th@-tactamase” motif and residues in “disfavoured” regions (Laskowski et al. 1993).
not within the “esterase” motif. Ala74 is preceding the active Serine residue, and shows this

B-Lactamases and the phylogenetically relatealanyl-  apparently strained/Js combination also in othe-lacta-
p-alanine carboxypeptidase/transpeptidases (DD-peptidasasase structures (Knox and Moews 1991; Lobkovsky et al.
Kelly et al. 1986; Samraoui et al. 1986; Knox et al. 1996) havel993).

a very distinct fold compared to the abowé3-hydrolases. There are two crystallographically nonequivalent mol-

Although they are alsa/B structures containing @-sheet ecules (A and B) within the asymmetric unit, which are

core flanked byx-helices, thei3-sheet consists mainly of related by a pseudo-twofold rotation of 177.6° without a

antiparallel strands, and the catalytic serine—which is notranslation component. The two molecules superimpose
part of a triad—is at the beginning of anhelix adjacent to  with a root mean square (RMS) deviation of 0.27 A for 377

the central sheet. Two other esterases were found to shomain-chain atoms. Only the vicinities of residues 113 and
sequence homology to class C penicillin-binding proteins235 show deviations larger than 1.2 A. Other regions with
(PBPs; McKay et al. 1992; Holm and Sander 1996), andRMS deviations exceeding 0.6 A are loop regions with

cross-reactivities between “esterases” apdactamases poorly defined density.

have been noted (Pratt and Govardhan 1984; Govardhan

and Pratt 1987; Jones and Page 1991).

Despite the sequence similarity felactamases and DD-
peptidases, EstB shows Iffelactamase or peptidase activ- Because molecules A and B are very similiar, the descrip-
ity. In fact, when incubated with 7-aminocephalosporiniction of the structure will be confined to molecule A, which
acid (7-ACA), which contains 8-lactam ring and an ester yielded a slightly clearer density. Figure 2a shows a ribbon-
group, it cleaves the ester bond but leaves phkactam  type representation of the molecule, drawn in the same ori-
unaffected (Petersen et al. 2001). Following the crystallizaentation as the Gtrace shown in Figure 2b. The central part
tion of this enzyme (Wagner et al. 1997), we now report itsof the structure consists of a seven stranded, antiparallel
crystal structure, which should yield insight into the struc-B-sheet, with the N- and the C-terminal helices covering the
tural factors discriminating between esterolytic ggac-  “front” and two other helices covering the “back” of this

Solution and refinement of the crystal structure

Molecular architecture
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Table 1. Data collection and MIR analysis

Maximum Measured Unique ergea-b Completeness Number  Ryen° Reutis? Phasing Used

Data set resolution  reflections  reflections (%) (%) of sites (%) (%) powef resolution
pPCMBS 2.80 36749 14245 4.5 (6.8) 72 (48) 2 22.4 0.83 1.09 25-3.0
EMP" 2.80 75904 18955 6.0 (8.1) 96 (91) 2 24.3 0.79 1.22 25-3.0
UOSAC, - 2H,0 3.00 55982 14633 6.3(9.5) 91 (86) 2 22.9 0.72 1.77 25-3.0
PIF® 2.80 51718 15007 6.6 (13.6) 76 (54) 2 23.8 0.71 1.75 25-3.0
K,PtCl, 2.80 19944 12951 5.1(9.0) 64 (40) 2 17.7 0.88 0.85 25-3.0
K[Au(I1)(CN) ] 2.80 31518 15553 4.5 (6.4) 79 (60) 2 25.8 0.92 0.68 25-3.0
PdCL 2.80 27849 16425 3.8(5.5) 83 (62) 2 16.4 0.94 0.56 25-3.0
DFP-derivative 1.80 235197 69158 2.4 (10.8) 94 (97) — — — — 15-1.8
Native 1.80 188976 49177 5.3(13.8) 68 (27) — — — — 20-2.0

#Numbers in parentheses in the columnsRgy...and Completeness correspond to data from the highest resolution shell.

® Rerge = i = I/ 2|, Wherel; and|,, are the observed intensity and mean intensity of related reflections respectively.

°Ryeriv = 2|Fpn = Fol/ 2|Fp|, where Ey, is the structure—factor amplitude of the derivative crystal Bpds that of the native crystal.

Y Reuiis = 2lFpn £ Fpl = Fpcac)VEIFen — Fel, whereF,, andF are defined as above afig .., is the calculated heavy atom structure—factor amplitude.
¢ Phasing power= F/E, the root mean square (rms) heavy-atom structure—factor amplitude divided by the lack of closure.

fPCMBS = p-chlormercuriphenylsulfonic acid monosodium salt.

9PIP = Di-p-iodobis(ethylenediamine)-di-platinum (Il) nitrate.

"EMP = ethylene mercury phsophate.

sheet. Residue Ser75, which occurs within the Ser-x-x-Lyghate (DFP), indicating covalent attachment of the inhibitor
motif, is located at the beginning of the second helix. molecule through & of Ser75, presumably as the result of
Two cisamino acids are found in both monomers: Pro236a nucleophilic substitution reaction that replaced fluorine by
adopts thecis conformation to allow a short connection oxygen. Evidently, the phosphonyl oxygen of the phosphot-
between two adjacerd-chains; Tyr374 is located in the riester hydrogen bonds to the main-chain NH groups of
loop connecting the C-terminal helix with its preceding Ser75 and Val351 (see Fig. 3b). Otherwise, the conforma-
strand, which makes a sharp bend stabilized by hydrogetional consequences of inhibitor binding are minimal: the
bonding between main-chain atoms (O373-NH233; O374-RMS differences of G-atoms between the native structure
NH377). and the DFP derivative are 0.27 A for molecules A and B.

Binding of diisopropyl-fluorophosphate Comparison with other esterases

Figure 3a shows a difference density map of the active sit&sterases have been classified into eight families according
for the complex between EstB and diisopropyl-fluorophos-to conserved sequence motifs and biological properties

Fig. 1. Difference density (3f~2F, map, Ir level) of a portion of the EstB structure to illustrate the quality of the final phases. Figure
produced with RIBBONS (Carson 1997).
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Table 2. Structure statistics

Structure refinement and model Native DFP-derivate
Residue range (molA/molB) 15-391/15-391 15-391/15-391
No. nonhydrogen atoms (molA/molB) 2836/2836 2846/2846
No. water molecules 354 571
Hetero atoms 16
Resolution range (A) (completeness in %) 20.0-2.0 (83) 15-1.8 (95)
R/Ree 18.4/24.7 17.6/23.5
rms deviation from ideal geometry
Bond length (A) 0.012 0.027
Bond angles (°) 1.73 1.89
Dihedral angles (°) 24.64 25.5
Improper torsions (°) 1.81 1.37
Ramachandran plot (with PROCHECK)
Core regions (%) 89 90
Allowed regions (%) 10 10
Generously allowed regions (%) 0.7 0.2
Not allowed regions (%) 0.0 0.0
Temperatur factor model
Average temperatur factor (all atoms )3JA 12 23
Temperatur factor (mainchain) ¢R
Average (molA/molB) 10.3/11.2 19/21
Maximum (molA/molB) 41.5/34.2 93/75
Temperatur factor (sidechain) A
Average (molA/molB) 11.2/12.4 23/25
Maximum (molA/molB) 45.3/50.4 101/117
Superposition of NCS-related residues 15-391
Deviation Gx atoms rms 0.27 0.27
Deviation all atoms rms 0.74 0.77

(Arpigny and Jaeger 1999). According to this classificationand class D). Another variable structural element is a 20—
EstB belongs to family VIII, which contains enzymes with 40-residues long peptide loop that borders the active site
approximately 380 residues showing sequence similarity tand is occasionally termed theloop (Knox et al. 1996).
class CpB-lactamases. The esterase/lipase consensus s€his loop is generally longer, more twisted, and runs in
quence Gly-Xaa-Ser-Xaa-Gly is found in some members obpposite direction in the class g-lactamases and in the
this family, but is not believed to contribute to catalysis. In DD-peptidases compared to class A lactamases, where it
addition, all known sequences of family VIII esterases sharearries a presumably catalytic glutamate residue (Glul66)
the lactamase/peptidase sequence motif Ser-Xaa-Xaa-Lysot present in the other two enzyme classes (Knox and
To our knowledge, no three-dimensional (3D) structure of avloews 1991; Lobkovsky et al. 1993; Knox et al. 1996).
family VIl esterase has been reported so far. Therefore, we We used the program DALI (Holm and Sander 1996) for
will focus the structural comparisons of EstB to lactamases more quantitative comparison between EstB and members
and peptidases rather than to esterases of other families. of the four classes of lactamases and peptidases. The most
pronounced homology was obtained for thalanylp-ala-
Homomolgy withx/B-hydrolases of similar fold nine carboxypeptidase froBtreptomyces R6(transpepti-
dase, pdb entry 3pte; Kelly et al. 1989; Z-score 33.0) and the
B-Lactamases and transpeptidases show close tertiary strudass Cp-lactamase Gcl (a natural mutant of the wild-type
tural homology. Their 3D structure consists of two struc-P99 enzyme) fronEnterobacter cloacaépdb-entry 1gce;
tural domains, an alk and ana/B one (Matagne et al. Crichlow et al. 1999; Z-score 28.7). Similarities gelacta-
1998). The active site is located in a groove between the twanases of class A (pdb-entry 1btl; Jelsch et al. 1993; Z-score
domains near the N-terminus of the first helix of theall- 14.4) and class D (pdb-entry 1e3u, Z-score 12.1) are less
domain. Thea/B domain consists of a centrgd-sheet striking. The following discussion will, therefore, focus on
flanked by three helices on the one and one helix on théhe structural comparison between EstB aralanyl-b-ala-
opposite face. There is some variation in the width of thenine carboxypeptidase fro®treptomyces R6Kelly et al.
centralB-sheet, which varies between five (class3Aac-  1989) and class @G-lactamase P99 frofanterobacter cloa-
tamases), nine (class C), and seven strands (DD-peptidasae(Lobkovsky et al. 1993). Such a comparison is shown in

470 Protein Science, vol. 11
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Fig. 2. Chain fold of EstB fromB. gladioli. () Stereoscopic ribbons diagram wifftsheets in red and-helices in blue. k)
Stereoscopic Gtrace in the same orientatiorc) (Superposition of EstB (green) with classp=lactamase P99 frorknterobacter
cloacae(1bls, blue; Lobkovsky et al. 1993), and) (with p-alanyl-0-alanine carboxypeptidase froBtreptomyces R6Bpte, yellow;
Kelly et al. 1989). The covalently attached phosphonate inhibitor of EstB is drawn irgjehd @) were generated with MOLSCRIPT
(Kraulis 1991) and rendered with Raster3D (Merritt and Bacon 19@yar{d () were generated with program SYBYL (Tripos).
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Fig. 3. Difference density map (~F., 3o contours) of the active site of the EstB—-DFP complaxand stereoscopic representations
of the active-site residues of EstB with)@and without €) the covalently attached DPF inhibitor. Note that the feature labeled “ISO”
represents a molecule of isopropanol observed near the active site of the native structure.

Figure 2c and d, based on a superposition of equivalentresidues 249 to 255) and a loop (residues 314 to 320),
residues indicated by DALI. Although the overall fold of the which cover part of the active site entrance in EstB, thus
three enzymes is obviously similar, there are significantnarrowing the access path to the active serine (Fig. 2d).
differences affecting the accessibility of the active site from
the surrounding solvent. While in class C lactamases th?dentiﬁcation of catalvii . L

: . B . ytic residues and implications
substrate could enter the active site from “above” (i.e., from]cor catalysis
the top of the page for the molecular orientation of Fig. 2),
the analogous accession path is obstructed in the DD-pepx-ray diffraction studies have revealed striking structural
tidase and in EstB, leaving access to the active site from theimilarities between the active sites Sfreptomycef61
“front” (i.e., from the viewer). Differences between the DD- DD-peptidase and class A and clasgdactamases (Dod-
peptidase and EstB mainly concern an additioBaheet son and Wlodawer 1998; Matagne et al. 1998). Conserved
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elements have been identified, and their relevance for sulas a result of substrate binding (Swaren et al. 1995;
strate recognition and its catalytic conversion has been puZawadzke et al. 1996), but was questioned on the basis of
tatively assigned. Some of these elements are also observegperimental (Damblon et al. 1996) and theoretical (La-
in EstB, though in somewhat modified form. motte-Brasseur et al. 1999) evidence. On the other hand, the

The first element has the sequence Ser-Xaa-Xaa-Lys, ang@moval of Glul66 by mutagenesis results in long-lived
consists of the serine believed to act as catalytic nucleophilacyl-intermediates (Escobar et al. 1991, 1994; Banerjee et
plus a lysine residue one helix turn downstream. This eleal. 1998). In fact, it is quite possible that different amino
ment is also observed in EstB. The second common eleacids act as general bases for the acylation and for the
ment, a short loop (sometimes called the SDN-loop) in thedeacylation steps (Herzberg et al. 1991; Strynadka et al.
all-a. domain forms one wall of the catalytic cavity and 1992), possibly with the involvement of a conserved water
consists of a Tyr-Xaa-Asn (Class €lactamases) or Ser- molecule (Zawadzke et al. 1996; Massova and Mobashery
Xaa-Asn (class AB-lactamases) sequence motif. Side 1998; Lamotte-Brasseur et al. 1999).
chains from the first and third residue of this motif point In class C3-lactamases and in DD-peptidases, there is no
towards the active site. The analogous loop in EstB has theounterpart to Glu166. Tyrl50 or Tyrl59 (DD-peptidase)
sequence Tyr-Ser-Leu, with the tyrosine hydroxyl grouprespectively might act as the general base (Oefner et al.
near the active site but the leucin residue pointing away. AL990; Lobkovsky et al. 1994; Dubus et al. 1996). The fol-
tyrosine from an adjacent loop is observed at the equivaledbwing residues are believed to be involved in catalysis
position of the asparagine from the SDN loop. (residue numbers correspond to thecloacaeenzyme with

The third element is formed by amino acids from thethe ones of theéStreptomyces R6DD-peptidase in paren-
a/B-domain, and forms the opposite wall of the catalytictheses; see Fig. 4): Ser64 (Ser62) as the nucleophile, Tyr150
cavity. Typically, a Lys-Thr-Gly (KTG-box) sequence is (Tyrl59) as the general base, Lys67 (Lys65) and Lys315
observed at this location, but Lys may be replaced by His 0fHis298) surrounding Tyr150 (Tyr159) and supplying posi-
Arg, and Thr may be replaced by Ser. A positively chargedive charges to stabilize the anion form. Asn152 (Asn162) is
side chain followed by one bearing a hydroxyl group hasinteracting with Lys67 (Lys65) through a hydrogen bond,
been suggested to be universally conserved (Matagne et @nd simultaneously interacts with the substrate. Oxyanion
1998). The third residue of the KTG box must be glycine,stabilization of the acyl-enzyme intermediate is achieved by
because any side chain would impair the approach of thbydrogen bonding between the substrate’s carbonyl oxygen
substrate. In EstB, the space equivalent to the KTG-box isnd the main-chain NH groups of Ser64 (Ser62) and Ser318
occupied by a peptide with sequence Trp-Gly-Gly. (Thr301).

A fourth element, the so-calle@-loop bearing a nega- The superposition of the active sites of fadactamase
tively charged glutamate residue occurs in clasB-Racta- P99 fromE. cloacae(Lobkovsky et al. 1994) with EstB is
mases. This glutamate (E166) is believed to play an imporshown in Figure 5. It reveals a striking similarity between
tant role in the catalytic reaction of class@lactamases. the active site architecture of the two enzymes, despite two
The Q-loop is also observed in class @lactamases, but amino acid exchanges, which placegNrp348 of EstB at
there it does not contribute to the catalytic reaction. Noapproximately the same position as-Mys315 of P99; a
counterpart to thé€)-loop can be identified in EstB. similar correspondence is found betweepTyr133 (EstB)

Class AB-lactamases are most widespread and have beeand N;-Asnl152 (P99). Together with the sequence data
most thoroughly studied. Much less is known about class GFig. 4), these homologies lead to the assignment of struc-
B-lactamases and DD-peptidases. The following discussioturally equivalent residues between P99 and EstB, as sum-
of potential catalytic residues in EstB will therefore also marized in Table 3. Together with the result of the DFP-
include results from class A-lactamases, although the binding experiment and the mutagenesis data (no esterolytic
three dimensional homology is not as high as it is to theactivity of the Ser75Ala mutant; Petersen et al. 2001), this
other two enzyme classes. suggests the following functional significance for active-site

There is no doubt that hydroxyl of the serine within the residues in EstB: the Ser75-oxygen acts as nucleophile and
SxxK motif is the catalytic nucleophile, which eventually attacks the ester-carbonyl of the substrate, which is acti-
forms a tetrahedral intermediate with the substrate. Theated by hydrogen bonds between its carbonyl oxygen and
guestion, however, of which residue acts as a general bastie main-chain NH groups of residues Ser75 and Val351.
is still a matter of debate. For class@lactamases Lys73 The nucleophilicity of Ser75 is enhanced by Tyr181, which
(from the SxxK motif; Herzberg 1991; Strynadka et al. acts as a general base and presumably is stabilized as the
1992, 1996; Dodson and Wlodawer 1998) or Glul66 (lo-phenolate due to the proximity of the side chains of Lys78
cated on the)-loop, Matagne et al. 1998; Maveyraud et al. and Trp348. The second step of enzyme catalysis—deac-
1998; Page and Laws 1998) are candidates. However, tglation—has to involve the attack of the acyl enzyme inter-
function as a general base the pKa of Lys73 would have tonediate by a water molecule. From the available data it is
be drastically decreased. This has been suggested to ocauwst obvious whether this step involves one of the water
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DDCP YSYSNTNF-VVAGMLIERLTHSVATEYQNRIFT PLNLTBTFYV~~~-HFD-~-T-¥-I-=~F==-=G~---TH-AN-GYLTP-DEAGGALVDSTEQT
270 280 280 300 310 320 330 340 350
PEP-1 NWVMANMAPENVADASLEQGIALAQSRYWRIGSMYQGL---GWEMLNWP-VEANTV-VEGSDSKVALAPLEVAEVNPPAPPVEASWVHRTGS TGGFGSY -
PBP-2 RWVQSNLEPLDINERTLOOGIQLAQSRYWOTGDMYQGL- - -GWEMLDWP-VYNPDSI - INGS DNKIALAARPVEAITPPTPAVRASWVHETGATGGEGSY -
Est-1 ILDLPNLREVRARGLSSARGVASAEGMARVYARALTGLARNGDRAAVAPLLSEETIQTVTAEQVFGIDR-VFGET SCEGTV - -~~~ FMEKSHARSPYGSY-
Bst-2 ILTSTNKPEWRR--MOQPA--ANGHGNARSLAGFYSGL-LDGS————-~ LLEADMLEELTREHS IGPDKTLLTQTR-FGLG----~- CMLDOPQMPNATEG
EstE VFEPGAYPSGGAGMYGSADDVLRALEAI RANPGFLFETLADARARRDO=-AGVGAET -R=-GPGWGFGYLSAVLDDPAAAGT POHAGT LOWGGV =Y GH=-SW~
DbCP V-~SWA-QSAGA-VISSTQDLDTFFSALMS--GQL-MSAAQLAQMQOWTTYNS -T-0----GYGLG-LRR-ROLSCGISVYG-~---= HTETVOGYYTYA
360 370 380 390
PEP-1 -—=VAFIPEKQIGIVMLANTSYPNPARVERAYHILEALQ
PBP-2 ---VAFIPEKELGIVMLANENYPNPARVDAAWQILNALQ
Est-1 ---RAFGHDGASASLGFADPVY=ELAFGYV=====P=====00AEP=~-GGAGCRNLELSAAVREAVTELAQ
Bst-2 LGPRAFGHPGAGGSVGFADPEH-DVAFGFVTNTLGPYVLMDPRAQKLVGLAGCL
EsStB ~—-FVDRALG-LSVLLLTNTAY-E-GMSGPL-TIA--LEDAVYAR
DDCP ---FASKD-GKRSVTALANTS--N-NVN-VLNTMARTLESAFCGKPTT--AKLRSATSSATTVERHEDIAPGIARD

Fig. 4. Multiple sequence alignment of several esterases, cla@dattamases and a D,D-carboxypeptidase. PBErterobacter
cloacaep-lactamase P99 (Swissprot accession code Q59401); PBPed]i cephalosporinase (Q59398); EsAlthrobacter globi-

formis esterase (Nishizawa et al. 1995); EstPBeudomonas sstrain LS107d2 esterase (McKay et al. 1992); E®Brkholderia

gladioli esterase (Petersen et al. 2001); DDS®eptomyces RER,D-carboxypeptidase (Joris et al. 1988). Alignment was performed

with program pileup from the GCG sequence analysis package (University of Wisconsin) using 2,3 penalty. The active-site residues
and the residues of the Lys-Thr-Gly signature (for EstB the topologically equivalent residues) are highlighted with a yellow back-
ground. A red background denotes amino acids fully conserved in all six peptides, a gray one denotes well-conserved amino acids. The
numbering corresponds to the amino acid position ofBhgladioli esterase.

molecules observed within the active site cleft of the nativeEsterolytic versug-lactamase activity

structure (see Fig. 3c), which would then be occluded upon

substrate binding. Alternatively, the water for the deacyla-Despite the structural similarity between EstB, DD-pepti-
tion step might be derived directly from solution. Either dases, ang@-lactamases, it is remarkable that EstB shows
possibility was discussed fop-lactamases (Knox and no significant 3-lactamase activity towards a variety of

Moews 1991; Lobkovsky et al. 1994). B-lactams, including nitrocefin, penicillin G and V, ceph-

Fig. 5. Superposition of the active site residues of the clagsl@ctamase fronkEnterobacter cloaca¢PDB entry 1bls; Lobkovsky
et al. 1994; drawn in dark gray) and of the esterase EstB fomgladioli (light gray). Figure generated with MOLSCRIPT (Kraulis
1991) and rendered with Raster3D (Merritt and Bacon 1997).
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Table 3. Equivalent residues between tBdactamase P99 and To probe the effect of these differences in the active-site
the esterase EstB environment on the enzyme selectivity, we have performed
a docking experiment with 7-ACA, and modeled the tetra-

P99 EstB _ . ) -

° hedral intermediate obtained by nucleophilic attack of Ser75
Ser64 Serrs on the carbonyl carbon atoms of the ester (Fig. 7a) and the
;ﬁiz '}ysrzgg B-lactam (Fig. 7b) groups. In generating these complexes,
Tyr150 T))//r181 the constrai.nt was imposed that the oxygen atom of the
Lys315 Trp348 tetrahedral intermediate should remain within hydrogen-
Thr316 Gly349 bonding distance from the putative oxyanion hole formed
Glys17 Gly350 by two main-chain NH groups of Ser75 and Val351. Al-
Ser318 Val351

though the tetrahedral intermediate for ester cleavage (Fig.
7a) fits the active site well (no distance between protein and
substrate shorter than 2.7 A), the corresponding intermedi-
ate for hydrolysis of thegs-lactam (Fig. 7b) would require
alothin, cephaloridine, and cephalosporin C (Petersen et atonsiderable conformational rearrangements of the protein
2001). Of specific relevance is the result of the EstB catato be accomodated within the (otherwise too narrow) active-
lyzed hydrolysis of 7-aminocephalosporinic acid (7-ACA). site tunnel (closest distance between substrate and residue
Analysis of the reaction products by HPLC revealed 100%Tyr133: 1.38 A). Because the close structural similarity be-
cleavage of the ester group, but no products resulting frontween native EstB and its complex with DFP argues against
lactam hydrolysis (Petersen et al. 2001).

This shift in reactivity could be due to at least two rea-
sons: first, the above exchange of two catalytic residues,
together with slight structural changes, might have altered
the inherent reactivity of the enzyme in such a way that it
lost its ability to attack the (compared to an ester slightly
less reactive) amide. We currently have no data available
(e.g., experimental pKvalues of residues forming the ac-
tive site) to substantiate such a proposition. A second ex-
planation for the shift in reactivity could invoke steric rea-
sons, implying that—in going from P99 to EstB—the shape
of the active site has changed in such a way that attack of
the nucleophile on the (more bulkg}lactam is prevented
due to steric inaccessibility.

The relevance of the second possible cause for the ob-
served difference in reactivity is already indicated by the
significant differences in the overall shape of the active site b
cavity between EstB and P99 (Fig. 6), which contrasts with
the close similarity in the 3D arrangement of catalytic resi-
dues (Fig. 5). In both enzymes, the active site is located in
a tunnel running approximately parallel to the central
B-sheet. While (in the orientation of Fig. 6a and b) the
tunnel of the P99 enzyme widens towards the top of the
figure, forming a potential site of entrance for a substrate,
access to the active site of EstB along this entrance is curbed
by two strands of thew-loop, which narrow the tunnel.
Instead, it appears that the active site of EstB is connected
to the outside through the second entrance of the tunnel,
which runs approximately towards the viewer in the orien-
tation of Figure 6. Here, a helix of P99 is replaced by two
|oops, which widens the entrance to the active site. Theseig. 6. Section through surface representations of the esterase EstB from
differences between the two enzymes lead to drasticall)a- gladioli (a) and theB-lactamase P99 frofa. cloacagb). Both enzymes

- - . - are in corresponding orientations, and the surface is cut approximately at
different overall shapes of the active site tunnel, which alsc%he height of the active site, the approximate location of which is indicated

appears narrower (specifically near the active site) in EStBy an arrow. Outer surfaces are drawn in shades of light gray, inner sur-
compared to P99. faces in dark blue. Figure produced with GRASP (Nicholls 1993).
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a e - e (CuK,, radiation, graphite monochromator,= 1.54 A). A 0.1°
5 oscillation angle was choosen for all data collections (with the

exception of the DFP derivative—see below). Because a long crys-
tal-to-detector distance (15 cm) had to be chosen due to the long
crystallographic c-axis, data collection took several weeks for each
crystal, leading to some incomplete heavy-atom data sets due to ice
formation. Frames were processed with the XDS software (Kabsch
1988a, 1988b). We collected a native data set to 1.8-A resolution
(used to 2.0 A) and eight derivative data sets, each to about 3.0-A
resolution.

For the complex between EstB and DFP, aboytllof DFP
was added directly to the 1QL crystallization drop and was
allowed to react for several days. Data of the frozen crystals were
collected at the EMBL-beamline X11 at DESY in Hamburg (Ger-
many). The beamline was equipped with a MAR-345 imaging-
plate scanner and an Oxford Cryostream cooler, and the following
parameters were chosen for data collection: wavelength
A = 0.9076 A, crystal-detector distance 300 mm, oscillation angle
Ad = 0.3°.

Phase determination

The first mercury sites from the-chlormercuriphenylsulfonic acid
monosodium salt (PCMB) were found with the program HEAVY
(Terwilliger et al. 1987). All other heavy atom sites were deter-
mined by cross-phasing using the phases of the mercury derivative.
It turned out that EMP and PCMB, the uranyl and PIP derivative,
Fig. 7. Modeling the tetrahedral intermediate formed by the attack of ther,]he g(?ldt and .tthe gﬁtln!um derl\t/ﬁtlvef palrk\)leedshare the Za“?e )
nucleophile Ser75 of EstB on the carbonyl functions of the esfeartd 1eavy-atom Sites. Fhasing was therefore based on seven cderiva
tives with together eight different sites. Heavy-atom parameters

B-lactam p) of 7-ACA. In generating these complexes, the constraint was ) . . .
imposed that the oxygen atom of the tetrahedral intermediate should reﬁﬁé&éﬂﬁ?%ﬁ?%ﬂ t,\lque_Pn:_'eAr\EuE (gr?glﬂ?;\,lfl? deetri?/lz.ati}/zzl)t.hgrgn;ce
main within hydrogen-bonding distance from the putative oxyanion hole. y y ! P

The figure illustrates that the tetrahedral intermediate for ester cleaspge ( group could be unambiguously assignedas21, but no anoma-

fits the active site well, whereas the corresponding intermediate for hydrolous data were used for phase refinement. At this stage, the figure

: ) . of merit using 3.0 A resolution data was 0.60. The MIR phases
lysis of theB-lactam p) leads to steric clashes between protein and sub-Were enhanced by a solvent flattening and histoaram matchin
strate. Figure produced with Sybyl, Vers. 6.4 (Tripos). y 9 g 9

procedure using the program DM (Cowtan 1994), improving the
figure of merit to 0.78. All phase refinement was carried out using
o . the CCP4 program suite (Bailey 1994). The noncrystallographic
pronounced flexibility of this part of the molecule, we con- symmetry (NCS) axis was determined from the heavy-atom sites.
clude that the enzyme’s preference of esterolytic versustatistics for heavy-atom refinement are given in Table 1.

B-lactamase activity is primarily due to steric factors.

Model building and crystallographic refinement

Materials and methods At this stage, the first secondary structure elements could be as-

signed and were modeled with the program O (Jones et al. 1991).
Crystallization, data collection, and processing A mask was created using MAMA (Kleywegt et al. 1994) and the

noncrystallographic two-fold axis was determined and refined with
The EstB esterase was expresseé&ircoli, purified, and crystal- RAVE (Kleywegt et al. 1994). Another cycle of solvent flattening,
lized (hanging-drop vapor diffusion from 0.1 M HEPES buffer pH histogram matching and symmetry averaging (DM) improved the
7.5, 10% 2-propanol, and 20 % PEG 4000 at 4°C) to a final sizfigure of merit to 0.82, and the map showed most of the protein
of about 0.3 x 0.3 x 0.8 mm as described previously (Wagner et abackbone. At that stage, an initial model was built consisting of
1997). Crystals belong to the trigonal space groug?B3vith cell 343 residues in molecule A and 349 in molecule B. This partially
dimensions of &= b = 83.4 and c= 194.6 A. Heavy atom de- traced model was then used for phase combination with SIGMAA
rivatives were prepared by soaking the crystals in the mother li{Read 1986), and the subsequent DM procedure was performed
quor containing millimolar amounts of the heavy atom compound without symmetry averaging, followed by several cycles of model
Soaking times varied between several hours and several daysebuilding and phase calculation. Although the first 14 and the last
Cryocooling was performed by dumping the crystals into liquid residue in each molecule were still invisible, electron density for
nitrogen after soaking them for a few seconds in a cryoprotectanthe remainder of both molecules could now be seen. This model
containing mother liquor plus 20% v/v glycerol. Diffraction data was refined with X-PLOR (Brlinger 1992b), starting with data
were then collected at 100 K on a Siemens rotating anode generaetween 10 and 3.0 A and gradually adding higher resolution
tor equipped with a Siemens multiwire area detector on a threeshells. Both molecules were refined independently without using
circle goniometer and a locally constructed gas-stream cryostaghe NCS. A bulk solvent correction was applied, and water mol-
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ecules were gradually included at positions where they may forniringer, A.T. 1992a. The free R-value: A novel statistical quantity for assessing
hydrogen bonds. A grouped B-factor was calculated before posi- _the accuracy of crystal structure¥ature 355: 472-474.

tional refinement. Extensive model rebuilding was carried out beBringer, A-T. 1992bX-PLOR, a system for X-ray crystaliography and NMR
version 3.2. Yale University Press, New Haven, CT.

tv_veen each reflnemen_t sep. In th_e last cycles of reﬂner_nent, N@arson, M. 1997. Ribbons. INethods in enzymologfeds. R.M. Sweet and
sigma cutoff was appliedR;. (Briinger 1992a) was monitored C.W. Carter), pp. 493-505. Academic Press, New York.
during the refinement using a set of reflections (5% of the uniqueCowtan, K. 1994. An automated procedure for phase improvement by density
data) chosen by X-plor. modification.Joint CCP4 and ESF-EACBM Newsletter on Protein Crystal-
The structure of the DFP derivative was refined against th?gnc'ﬁ%ﬁprg@rfﬁ;i&/xp Nukaga, M. Mayama, K., Sawai, T., and Knox
Sync.hmtror.] data, Startmg with the molecular_-rgplacement solutio J.R. i999. ’Structu’re of ’the exter{ded'—spectrum’ cla{Sslﬁcta;naée oEn- ’
obtained W'th the the native structure. A_‘fter rigid body _ref'nement’ terobacter cloaca&C1, a natural mutant with a tandem tripeptide insertion.
a F,—F. density map showed clear density near Ser75, interpretable Biochemistry3s: 10256-10261.
as a DFP molecule covalently attached to theo®Ser75 (see Fig.  Damblon, C., Raquet, X., Lian, L.Y., Lamottebrasseur, J., Fonze, E., Charlier,
3a). Subsequent refinement cycles were performed with program P., Roberts, G.C.K., and Frere, J.M. 1996. The catalytic mechanism of
SHELX (Sheldrick 1993). The refinement using data from 15 to B-lactamases—NMR titration of an active-site lysine residue of the TEM-1

= - - enzyme.Proc. Natl. Acad. Sci93: 1747-1752.
18A converged aR = 0.176 andR. = 0.235, with 571 water Dodson, G. and Wlodawer, A. 1998. Catalytic triads and their relativends

molecules. Biochem. Sci23: 347-352.
Dubus, A., Ledent, P., Lamotte-Brasseur, J., and Frere, J.M. 1996. The roles of
residues Tyr150, Glu272, and His314 in clasg-factamasesProteins25:
Molecular modeling 473-485. _ o _
Escobar, W.A., Tan, A.K., and Fink, A.L. 1991. Site-directed mutagenesis of
7-ACA was manually docked to EstB as the tetrahedral interme- _B-Iactamase leading to accumulation of a catalytic intermediiteehem-
diate formed by nucleophilic attack of the Ser75 oxygen atom or]ESC'Stry 30: 10783-10787.

obar, W.A., Tan, A.K., Lewis, E.R., and Fink, A.L. 1994. Site-directed
the carbonyl carbon atoms of the ester and fHactam groups mutagenesis of glutamate-166 prlactamase leads to a branched path
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